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Abstract 
This experiment investigated maximum forearm pronation and supination torques and 
forearm discomfort, for intermittent torque exertions in supine and prone forearm 
angles for the right arm. Twenty two subjects participated in the study that comprised 
two parts, the first of which involved measurement of maximum forearm torque in 
both twisting directions at five forearm angles including neutral. This was followed 
by endurance tests at 50% MVC in both directions. The second part of the study 
involved subjects performing five minute long intermittent isometric torque exercises 
at 20% MVC in both directions at eleven forearm angles. Regression equations were 
developed that accurately predict torques as a function of forearm angle expressed as 
a percentage of maximum motion. Analysis of the discomfort data for the intermittent 
isometric torque exertions indicated that both forearm angle and twisting direction 
significantly affected forearm discomfort (p<0.001). A significant two-way 
interaction (p<0.01) was identified between forearm angle and direction for supine 
forearm angles only.  
The results provide important strength and discomfort models for the design of 
tasks involving static or repetitive forearm twisting. Such tasks have a strong 
association with forearm injuries including lateral and medial epicondylitis. These 
results provide needed data on the risk factors associated with these injuries so they 
can be prevented.  
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1. Introduction 
1. Introduction 
There is growing concern regarding the lack of studies investigating upper limb 
injuries of the forearm and elbow. Based on a detailed review of over 600 studies of 
Work-related Musculo Skeletal Disorders (WMSDs) of the neck, upper limb and 
back, Bernard (1997) indicated that there are fewer epidemiological studies 
addressing workplace risk factors of the elbow than for other WMSDs.  
A number of studies have documented cases of forearm/elbow injuries in 
industry, the majority of which include various forms of lateral epicondylitis. For 
example, in a study of an engineering plant, Dimberg (1987) diagnosed epicondylitis 
in 7.4% of the 540 workers surveyed.  Epicondylitis has been associated with tasks 
requiring forceful laborious work, e.g. wallboard installation, roofing, masonry, 
foundries, building construction, furniture making, paper products manufacturing, and 
meat dealers, all occupations that involve repetitive, forceful work involving the arms 
and hands and requiring pronation and supination (Silverstein, 1998). Sinclair (1964) 
found a strong relationship for occupations that included gripping tools with forearm 
extensor muscle activity and repeated supination/pronation, while Hughes et al. 
(1997) found a very strong relationship between elbow and forearm disorders and the 
number of years of forearm twisting. Cause for concern is highlighted by a study by 
Kyserling et al. (1993) who identified that 59% of the jobs in a survey of 335 
automobile jobs across four plants involved forearm twisting. 
 The lack of epidemiological studies defining dose-response relationships 
between the various disorders and the levels and combinations of factors causing 
them, is a major impediment to their prevention (Viikari-Juntura, 1997, Muggleton et 
al., 1999). Force of exertion is recognised as having a strong link with upper limb 
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WMSDs (Bernard, 1997, National Research Council, 2001). Due to large inter-
individual variation in strength, those with lower strength need to exert a higher 
proportion of their Maximum Voluntary Contraction (MVC) than stronger individuals 
and hence may be more predisposed to injury. Recommended limits for combinations 
of duration of sustained exertions in the form of endurance models (Rohmert, 1966) 
and level of force (Moore and Garg, 1994) have been put forward relative to the 
individuals MVC to cater for inter-individual differences in strength. In addition, joint 
angle has also been demonstrated to significantly affect MVC for the wrist (Kattel, et 
al. 1996).  
 However, for the forearm, little is known about the effects of rotation joint 
angle and the effect of torque exertion direction, on the propagation of injuries. Some 
data are available on forearm torque strength but inconsistencies are evident. For 
example, Kramer et al. (1994), and Wang and Strasser (1993), report that pronation 
torque is superior to supination, while the data of Rohmert (1966) via Chaffin et al. 
(1999) are contrary to this. No sources have been found that quantify the change of 
forearm torque with forearm rotation, yet a number of studies have recorded different 
elbow flexion strengths for different forearm rotation joint angles (Jørgenssen and 
Bankov, 1971). Data on forearm torque exertion strength and endurance at various 
forearm rotation angles are needed to support the safe design of industrial tasks and 
hand tools using recommended limits. 
Increased discomfort is suspected to be a precursor to more pain and injury 
and has been used to assess the stress involved in industrial tasks (Corlett and Bishop, 
1976). In order to provide guidelines for industrial task design and evaluation, 
investigators have turned to the psychophysical approach using short-term responses 
to physical stress in controlled laboratory experiments (Lin et al. 1997). Genaidy and 
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Karwowski (1993) studied joint discomfort for simple neutral posture deviations at 
various joints of the body. While the study found that both supination and pronation 
deviations produced discomfort ratings considerably higher than neutral, inferences 
from the results for occupational tasks are limited as limb posture, force level, 
repetition rate and/or rest times, were not strictly controlled.  
The purpose of this study was to examine the functional capacity and 
endurance of the forearm musculature for torque exertions and to develop discomfort 
profiles for intermittent isometric torque exertion exercises at various proportions of 
maximum forearm Range Of Motion (ROM). Previous studies looked at individual 
parts and subparts of this problem but none appear to have investigated these issues in 
an integrated fashion. This needs to be done to provide a basis for more extensive 
studies. 
 
2. Method 
Convention 
To avoid ambiguity, all torque directions are referred to as either supination 
(clockwise) or pronation (counter-clockwise) for the right arm only. Prone and supine 
are reserved for describing forearm rotation angles only. 
 
2.1 Subjects 
Twenty-two right-handed male student volunteers with a mean stature of 1785mm 
(range 1649-1946mm) and a mean age of 23.5 years (range 22-30 years) participated 
in the experiment that lasted four hours. All subjects were healthy and reported no 
previous history of upper limb injuries. Informed consent was obtained prior to data 
collection. Subjects did not receive any remuneration for their participation. 
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2.2 Experimental procedure 
2.2.1 Preliminarily experiment 
The experiment commenced with the measurement of forearm ROM followed by 
measurement of forearm torque strength. Data on the biomechanical properties of the 
prime pronation/supination musculature suggests that the maximum torque capacity 
does not coincide with the neutral forearm angle (An et al., 1981, Murray et al., 1995). 
Therefore, maximum torque was measured in both twisting directions (pronation and 
supination) at five forearm joint angles, i.e. 75% and 30% prone ROM, neutral, 30% 
and 75% supine ROM. These levels were selected as a subset of the eleven forearm 
angles used in the main part of the experiment. This was followed by two endurance 
tests for a neutral forearm, one in each direction at 50% (+/- 5%) of the respective 
MVCs. The MVC values for pronation and supination torques were the maximum 
values over the five joint angles. Latin Square ordering, manually adjusted so that 
testing was not preformed in the same direction in succession, was used to control the 
sequence of experimental conditions. As this experiment is an extension of other 
studies of upper limb WMSDs performed in the University (Carey and Gallwey 
(2000, 2005) similar testing durations, exertions levels and repetition rates were used.  
 
2.2.2 Main Experiment 
Subjects performed intermittent isometric torque exertions for both directions at 
eleven forearm joint angles, i.e. at increments of 15% ROM from 75% prone to 75% 
supine ROM.  Each experimental condition involved subjects exerting isometric 
torques corresponding to 20% of the respective MVCs (+/- 2%) for one second every 
six, followed by five seconds rest, for a duration of five minutes. This corresponded to 
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a pace of 10 exertions per minute as used previously by Snook et al. (1995) in the 
study of repetitive wrist flexion and extension. Ulin et al. (1993) also used a pace of 
10 min
–1
 in a simulated screw-driving task using a pistol power tool for various work 
locations, as this corresponded to a normal working pace i.e. rating of 100% (Niebel, 
1982). Latin Square ordering was used to control the sequence of experimental 
conditions. The dependent variables, Borg’s rating of perceived exertion (CR-10, 
Borg 1982) and discomfort measured on a Visual Analog Scale (VAS), were rated at 
the end of each five-minute exercise. 
A number of studies of WMSDs have also used force levels corresponding to 
20% MVC, including for example, Dahalan and Fernandez (1993) in the analysis of 
maximum acceptable frequency of gripping, and Carey and Gallwey (2000) in a study 
of discomfort for repetitive wrist exertions. A level of 20% MVC was also chosen 
above lower levels, on the basis that elbow injuries, especially epicondylitis are more 
commonly reported for forceful tasks rather than light assembly tasks (Bernard, 1997, 
Viikari-Juntura, 1997). Similar force levels have been reported in industrial studies. 
McGorry et al. (2003) reported typical gripping forces for knife use in meat 
processing of between 28 and 32% MVC while Li (2003) reported values between 16 
and 43% MVC for the flexor digitorum superficialis and between 12 and 26% MVC 
in the flexor carpi ulnaris for wire tying hand tools.  
Carey (1999) identified the use of grip strength endurance time at 50% MVC 
as a significant covariate in the analysis of discomfort scores for repetitive wrist 
flexion exertions. Similarly, O'Sullivan (1997) identified box holding time 
corresponding to 50% grip strength MVC as a significant covariate (p<0.001) in the 
analysis of upper limb discomfort for simulated assembly work. Hence, endurance 
times were collected for forearm torques in both directions at 50% (+/- 5%) of the 
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respective MVCs. The MVC values for pronation and supination torques were the 
maximum values over the five joint angles.  
 
2.4 Experiment protocol 
Subjects were positioned at a purpose built adjustable height table such that the torque 
meter was directly in front of the right hand. The surface height was adjusted by 
means of a crank handle to induce an elbow flexion angle of 90
0
. The experiment 
commenced with the measurement of the subject’s forearm ROM. Subjects held a 
length of aluminium shaft (200 mm long, diameter 25 mm) in a neutral forearm joint 
angle and were given instructions (accompanied by a demonstration) to rotate the 
forearm slowly, alternating fully supine and prone three times. Feedback was given in 
the software as to the subject’s maximum ROM values for the alternative rotations.  
Treatment combinations, preset for each subject’s number, automatically 
loaded the order for the five forearm joint angles and direction in which the torque 
measurements were to be tested. Subjects were instructed to develop their maximal 
effort in the predetermined direction over approximately three seconds and to hold 
that exertion for a further second. For the duration of the exertions, subjects received 
feedback in real time from the software interface on the level of exertion. Each 
experimental condition was tested twice. In the second exertion, subjects were 
encouraged to beat their previous maximal exertion level displayed by the software. 
There was a rest of one minute between the first and second exertion while a rest of 
four minutes preceded testing the following condition. For the endurance tests, 
subjects were positioned with a neutral forearm joint angle and elbow flexed 90
0
. 
Subjects were instructed to maintain the torque exertions at 50% of MVC for as long 
as possible until the discomfort in their forearm reached “Extreme discomfort” such 
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that they could no longer maintain the exertion at the required level. A break of five 
minutes was taken between the two endurance tests.  
The main part of the experiment lasted approximately three hours and 
commenced with a verbal instruction to exert torques in the specified directions as 
indicated by the software, at 20% MVC for one second duration between the fourth 
and fifth second of each consecutive six-second cycle as presented by an analog clock 
on the interface. Subjects were briefed on the use of the discomfort scale and how to 
interpret the anchors at both ends. Subjects completed one practice cycle with the 
forearm in a neutral angle before testing the remaining 22 experimental conditions. 
After 11 postures (one hour 10 minutes) there was a break of 15 minutes before 
testing the remaining 11 conditions. Carey and Gallwey (2002) used a similar protocol 
in the study of the effects of wrist deviation on upper limb discomfort at 20% wrist 
flexion MVC with the same exertion-rest pattern as this study. 
 
2.5 Data acquisition systems 
2.5.1 Torque strength 
There were no suitable commercial products available to meet the needs of the 
experiment as forearm torque strength is not commonly measured. Hence, a torque 
meter was built in-house and interfaced with the data acquisition module (figure 1). 
The torque meter consisted of a cylindrical handle (diameter 25 mm) attached to a 
shaft in a T-bar configuration, of similar design to that briefly referenced by Pheasant 
and O’Neill. (1975). The handle made an angle of 700 with the shaft (diameter 25 
mm) so as to provide neutral deviation of the wrist during exertions. The shaft was 
reduced to a thickness of 8 mm at the joint with the handle so as to provide for 
gripping between the index and second finger. Strain gauges mounted on the shaft of 
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the T-bar detected torques via differential voltages passed to the data acquisition 
system. The shaft was attached to the bench by means of a steel fixture that allowed 
the rotation of the shaft to be adjusted so as to accommodate testing in various 
forearm rotations.  
 
2.5.2 Joint angles 
A Penny and Giles Biometrics electro-goniometer model Z180 was used to measure 
forearm rotation while a model XM110 goniometer was used to measure elbow 
flexion. Voltage readings from the goniometers were amplified and zeroed using a 
Biometrics K100 amplifier. Signals from the amplifier were passed to a Biometrics 
amplifier base unit (model K100) and channel splitter for interfacing with the 
computer data acquisition system (see figure 1). 
 
[Insert Figure 1 about here] 
 
2.5.3 Data acquisition and software 
Signals from the electro-goniometers and the torque meter were interfaced with a 
333MHz PC using a National Instruments BNC 2090 adapter chassis connected to a 
National Instruments 16 bit A/D converter data acquisition board (model PCI-MIO-
16XE-50). Data acquisition and presentation of treatments to the subjects was 
controlled using Virtual Instruments (VIs) written in LabVIEW V5.0. A VI was coded 
as the main interface from which sub VIs for each part of the experiment were run. 
This assisted the transfer of parameters between parts of the experiment. The 
sequence of test conditions for each subject, based on Latin Square order data, was 
stored as individual text files on the computer hard disk. Similarly, dependent 
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variables (including maximum torques, endurance times and discomfort ratings) were 
written as text files and stored on the hard disk.  
Figure 2 contains a screen shot of the VI for the main part of the experiment 
that involved completion of intermittent isometric torque exercises, indicating the 
discomfort scale at the top, and Borg’s rating scale to the side. Joint angle deviations 
at the elbow and forearm were reflected in real time on the VDU. A horizontal sliding 
bar to the left of the image measured elbow flexion deviations from the datum (90
0
 
included angle). The horizontal sliding bar showed the forearm joint angle that was 
set at the start of each posture treatment as indicated by the appearance of a button, in 
this case at 75% supine. 
[Insert Figure 2 about here] 
 
2.6 Collection and reduction of discomfort scores 
Subjects rated their exertion using Borg’s CR-10 scale verbally. The experimenter 
simultaneously entered the values into the software interface (figure 2). Discomfort 
was also recorded on a 100 mm long VAS presented on the VDU. The scale (0-10) 
was anchored on the left with ‘No discomfort’, in the middle with ‘Moderate 
discomfort’ and on the right with ‘Extreme discomfort’. The VAS discomfort score 
was transformed to a Standardised Discomfort Score (SDS) for each individual using 
the following routine, where raw data are the individual rating scores, minimum data 
is the minimum value of each subject’s ratings, and maximum data is the maximum 
value of each subject’s rating (Gescheider, 1985).  
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3. Results 
3.1 Strength and endurance data 
Repeated measures ANOVA (table 1) indicated that Forearm Angle (p<0.001), 
Direction (p<0.05) and the Forearm Angle*Direction two-way interaction (p<0.05) 
had significant effects on maximum torque. Table 2 contains the mean and standard 
deviation (SD) values for the maximum torque strengths for both directions and for 
each forearm position. In addition the table includes the mean endurance times and 
SD values for the torque isometric endurance tests at 50% MVC. The mean torque 
strength values are plotted relative to forearm ROM in figures 3.  
 
[Insert Table 1 about here] 
 
[Insert Table 2 about here] 
 
[Insert Figure 3 about here] 
 
 The data in figure 3 indicate that overall supination torque was stronger, thus 
supporting the significant Direction main effect in the ANOVA (table 1). This was 
most noticeable for the prone and neutral joint angles where the supination torques 
ranged between 14.8 and 15.3 Nm while the pronation torques ranged between 11.6 
and 12.6 Nm.  This pattern was not evident for the supine forearm angles as the 
supination torques decreased considerably from 14.8 Nm at neutral to 10.7 Nm at 
75% supine, a value that was weaker than pronation torque in 75% supine. Likewise 
pronation torque was strongest in 75% prone but thereafter decreased linearly. 
Pronation torque was strongest at 75% prone (11.8 Nm) and neutral (12.6 Nm) but 
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decreased slightly for 30% prone (11.6 Nm).  The mean strength values for a neutral 
forearm indicate that supination torque was 17% stronger than pronation. The 
reduction in both torque strengths support the highly significant main effect for 
Forearm Angle (p<0.001) in the ANOVA. Over the range of 75% prone to 75% 
supine, the mean decrease in torque strengths was 30% for supination and 8% for 
pronation. This was identified as a significant two-way interaction in table 2.  
Regression equations were developed that relate maximum torque to forearm 
ROM, see figure 3. A third order polynomial and a linear equation obtained high R
2
 
values for supination and pronation torques respectively. The regression statistics 
(figure 3) indicate that the R
2
 values (and significance levels) for the supination and 
pronation equations were 0.84 (p<0.16) and 0.81 (p<0.05) respectively. 
 The mean endurance times in table 2 indicate that subjects were able to 
maintain 50% MVC of supination for 60.2 seconds and pronation for 47 seconds. The 
difference in mean endurance times between the torque directions was considerable 
with the mean pronation times 20% lower than supination. 
 
3.2 Discomfort data 
Repeated measures ANOVA indicated that both Forearm Angle and Direction of 
torque exertion had significant effects (p<0.05 and p<0.05 respectively) on the SDS 
values (table 3), but the Forearm Angle*Direction two-way interaction did not 
(p>0.05). Table 4 contains the mean SDS and the Borg CR-10 values for each testing 
condition. The SDS values were plotted with separate lines for both torque directions 
and modelled using regression analysis (figure 4). The plot shows substantially 
greater pronation SDS values overall, supporting the highly significant direction main 
effect from the ANOVA. The greatest difference in SDS values between torque 
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directions was for a neutral forearm, with values 30% less for the supination direction 
(5.1 versus 3.5). This compares similarly with the endurance times as the mean 
pronation torque endurance time for 50% MVC was 33% less than supination. The 
large difference in mean SDS values between directions is further illustrated by the 
minimum pronation value (4.8) corresponding to a supination SDS value at 
approximately 70% prone and 55% supine. The SDS values increased with greater 
deviation away from neutral. The differences in SDS values between directions were 
large but similar in magnitude for the prone forearm angles (1.36 – 2.78) whereas the 
differences between directions for the supine angles were smaller (0.46 –1.94) and 
decreased with greater deviation away from neutral. The significant Forearm Angle 
main effect identified in the ANOVA is further evident in figure 4 as the SDS values 
increased as % forearm rotation angle increased. The effect of increasing forearm 
rotation angle on SDS values for both directions appears to be similar for prone 
forearm angles, while the SDS values appear to increase more for the supination 
direction for increasing supine angles. 
 
[Insert Table 3 about here] 
[Insert Table 4 about here] 
[Insert Figure 4 about here] 
 
O’Sullivan and Gallwey (1999) and Carey (1999) used the endurance time of 
specific upper limb strengths as covariates in the analysis of discomfort data. It is 
suggested that this helps control for differences between subjects’ perceptions of 
discomfort, thereby providing a more accurate representation of the within-subjects 
effects of the experimental treatments. Analysis of the discomfort data indicated that 
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while pronation torque endurance time was not statistically significant as a covariate 
with any of the factors in the ANOVA, its significance levels were higher (range 0.43 
to 0.14) than supination endurance (range 0.78 to 0.15). Therefore the ANCOVA was 
performed using just the pronation endurance times. 
Results of the repeated measures ANalysis of COVAriance (ANCOVA) with 
pronation torque endurance at 50% MVC as a covariate (table 3) indicates that torque 
Direction and % ROM significantly affected the SDS values (p<0.001 and p<0.05 
respectively), while the Direction*%ROM two-way interaction did not (p>0.05).  
 The Borg ratings for the pronation torques (table 4) ranged from 4.28 to 3.82 
to 4.68 for 75% prone, neutral and 75% supine respectively, while the supination 
torque values ranged from 3.92 to 3.33 and 4.46 respectively. The mean ratings 
portray a similar effect of forearm angle and direction on forearm discomfort for the 
intermittent isometric torque exercises, with the exception that the values did not 
increase to the same extent with increasing Forearm Angle as did the SDS values.   
 
4. Discussion 
 
4.1 Direction effect on torque 
The significant main effect agrees with Rohmert’s (1966) results (via Chaffin et al. 
1999) for similar upper limb angles, but his values were stronger than those reported 
in this study by 3.1 and 5.1 Nm for supination and pronation respectively, perhaps due 
to the small sample size of only 5 males used. Kramer et al. (1994) however reported 
lower forearm torque values than were obtained in this study (pronation torques 12.4 
Nm, supination, 10.6 Nm). This may be due to the restrictive forearm posture 
involved in their study. 
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4.2 Effect of forearm angle on maximum torque 
The significant main effect for Forearm Angle is supported by the literature. For 
example, wrist twisting torque was stronger for a neutral wrist than deviated 
(Deivanavagan and Sethi, 1993, Wilhelm and Hallbeck, 1997). Likewise maximum 
elbow flexion torque has been demonstrated to be a function of elbow angle 
(Jørgenssen and Bankov, 1971). The significant effect of joint angle in this study 
revealed a contrasting phenomenon whereby maximum strength was recorded for 
75% prone with strength decreasing for greater supine angles. This was accompanied 
by a significant two-way interaction that saw the strongest direction overall 
(supination) reduce to a value lower than pronation in 75% supine. In a study of 
screwdriver torque strengths, Wang and Strasser (1993) recorded stronger pronation 
torques (4.6 Nm) than supination (3.8 Nm). While initially this appears to reflect 
stronger pronation torque, this may not be the case in light of the data collected in this 
study. Further analysis of the data of Wang and Strasser suggest that the forearm was 
positioned in a supine joint angle where the overall stronger torque direction 
decreases rapidly with further joint deviation.  
Based on the strength and endurance data, the results indicate that preference 
should be given for supination torques rather than pronation so as to reduce the % 
MVC applied during tasks. While the two-way interaction for strength over forearm 
ROM indicated torque to be strongest with the forearm prone, data from the 
discomfort profiles over ROM support the view that tasks should induce a neutral 
forearm angle for tasks involving torques. Previous studies have demonstrated the 
effect of posture on maximum exertion. Kattel et al. (1996) found that wrist, elbow 
and shoulder posture significantly affected isometric gripping strength (p<0.001) with 
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the strongest exertions recorded close to neutral wrist positions. In this study MVC 
was recorded across the forearm ROM and this value was used for all conditions so 
therefore the 20% MVC force would result in different absolute force levels across the 
treatments. It is expected that this would contribute to the significant effect of joint 
angle on discomfort. Further studies using the MVC measured at each treatment 
position are needed to clarify this.  
 
 
 
4.3 Biomechanical changes for direction 
While the literature reports conflicting data on the strongest torque direction, the 
strength characteristics recorded in this study are supported by the biomechanics data 
and can be explained by examining the architecture of muscles involved in the 
exertions. The Physiological Cross Sectional Area (PCSA) of a muscle determines the 
maximum force generating capacity, while a muscle’s Moment Arm (MA), (i.e. its 
shortest line of action) transforms muscle force into joint moment (Murray et al., 
2000). For forearm rotation, Basmajian and DeLuca (1985) indicate that both the 
pronator quadratus and pronator teres are prime pronating muscles, while the 
supinator and biceps muscles comprise the prime supination torque musculature.  
Basmajian and Deluca also indicate that the brachioradialis contributes to torque in 
both directions, depending on forearm angle, by drawing the forearm towards a 
neutral angle. Ignoring the contribution of the bi-directional brachioradialis, 
Schoenmarklin and Marras (1993) calculated the total PCSA for the supination 
muscles as 12.7 cm
2
 while the pronation muscles amounted to 7.47 cm
2
, a difference 
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of almost 40%. This supports the overall stronger supination strength observed in this 
study.  
 
4.4 Biomechanical changes between forearm angles 
The biomechanics literature has reported the effect of forearm rotation on muscle 
properties, but as of yet forearm torque strength over forearm ROM has not been 
previously reported. An et al. (1981) reported the rotational MA of the biceps to be 
similar for the neutral and prone forearm but considerably less for the supine forearm. 
Murray et al. (1995) modelled the MAs of the biceps and pronator teres muscles 
based on a study of cadavers and also indicated greater MAs for the biceps when the 
forearm is prone with a slight reduction for a neutral, thereafter reducing considerably 
for a supine forearm. As the biceps is one of the prime supination torque muscles this 
model supports the supination strength characteristics observed. Murray et al. (1995) 
had difficulty modelling the brachioradialis but recorded increasing MAs for 
increasing supine angles on one of the two cadavers. This was accompanied by a 
slight reduction in MA for the pronator teres for a prone and supine forearm. 
Combined with little change in MA for the pronator quadratus over forearm ROM (as 
it does not cross the elbow joint), the result supports the hypothesis of greater 
pronation strength in neutral with greater reduction in torque for a supine forearm, 
even though the amount would be small. However, there is a need for an electro-
myographical study of the forearm during maximum torque exertion for various upper 
limb joint angles so as to further understanding of the muscles that limit strength over 
ROM. 
 
4.5 Max torque equations 
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The equations predicting torque forces over forearm ROM for both directions provide 
important information for the design and evaluation of high force low repetition tasks, 
as a substantially greater proportion of the individual’s MVC may be required to 
perform a task if forearm angle is ignored, especially for supination exertions. This is 
supported by the increase in Borg CR-10 ratings for the intermittent exertions in non-
neutral forearm angles indicating exertions at higher levels of MVC. 
 
4.6 Hand dominance 
As illustrated by Wang and Strasser (1993), hand dominance is of particular concern 
for tasks involving torque exertions, as supination torques for left-handed operators 
involve the opposite weaker musculature than right-handed individuals. The torque 
strength data indicate considerable differences between directions thereby requiring a 
higher proportion of the subject’s MVC, as left handed individuals have to exert 
pronation torques for tasks that right handed individuals exert stronger supination 
torques, and visa versa.  
 
4.7 Endurance times 
Physiological fatigue is thought of as a warning mechanism preventing overloading of 
the organism (Åstrand and Rodahl, 1986) and isometric endurance has been used as 
the basis of ergonomics guidelines for industrial tasks. Mathiassen and Ähsberg 
(1999) discuss the problems of applying generalised mathematical models of fatigue 
to specific body segments, indicating the need for individual models for specific 
exertions. Van Dieën and Oude Vrielink (1994) expand on this, tabulating eleven 
endurance time equations for specific muscle groups, including one for pronation 
torque. When the mean pronation endurance time (47.7 seconds) from the study is 
 20 
applied to the equation, a force value of 57% MVC is predicted. This compares well 
with the 50% exerted by the subjects. Unfortunately there does not appear to be any 
equation predicting supination torque endurance, but the large differences in 
endurance times reported in this study support the need for specific endurance 
equations, even for forearm rotation in alternative directions. This study found that 
pronation torque endurance time was 20% lower than that of supination even though 
both muscle groups were tested relative to 50% MVC for each direction. This gives 
rise to further concern regarding the weaker pronation torque musculature. The 
difference in maximum strength has been elaborated upon in relation to PCSAs and 
MAs.  
 Differences in endurance times for muscles have been explained relative to 
physiological factors, primarily muscle fibre composition. Van Dieën and Oude 
Vrielink (1994) indicate that differences between endurance curves for specific 
exertions can be largely explained by muscle composition. Different muscles 
comprise different proportions of slow twitch and fast twitch fibres. Slow twitch 
fibres are more difficult to fatigue than muscles comprising predominately fast twitch 
fibres (Deeb et al. 1992). Unfortunately there does not appear to be information in the 
literature regarding muscle composition for the forearm rotation muscles, with the 
exception of the biceps. The endurance data suggest that the prime supination torque 
musculature comprises greater proportions of slow twitch fibres while the pronation 
muscles are faster fatiguing and may comprise a greater proportion of fast twitch fibre 
types. This gives cause for concern as Hägg (2000) identified increased muscle 
myalgia for increased fatigue in occupational work. A biopsy study examining fibre 
type proportions of the forearm rotation musculature could help to explain the large 
differences in endurance times between torque directions. 
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4.8 Discomfort data 
Mital and Kumar (1998) state that knowledge of strengths alone may not be sufficient 
to correct an ergonomics problem. This is also true of the strength data from this 
study. While the evaluation of MVC over ROM provides beneficial information, it 
would be inappropriate to base risk levels purely on the strength values as they may 
not be representative of the true physiological capacity of the muscles involved in 
repetitive exertions. This is highlighted in the discomfort profiles as SDS values were 
least in forearm angles slightly deviated from neutral for both cases, but remained a 
function of ROM and increased for pronated forearms for both directions, even 
though maximum torques in both directions were measured in 75% prone ROM in 
both cases.  
Kumar (2001) indicated that at the extremes of ROM, joints are at the greatest 
mechanical and physiological disadvantage, with the 20% range around the mid 
position considered the most comfortable and thus risk neutral zone. The author also 
noted the difficulty in assessing criterion levels for neutral risk force levels. This is 
also evident for the results in this study, as SDS values were lowest for the neutral 
forearm. The effect of joint angle on discomfort has been the focus of many studies. 
Genaidy et al. (1995) studied the discomfort of static non-neutral postures for various 
body parts including the trunk, neck, elbow and forearm. While the study did not 
involve the exertion of forces in the deviated postures, the results indicated that the 
highest discomfort of all simple joint deviations tested was for the supine forearm. 
This supports the discomfort data reported in this study, as the SDS values were 
greater in both torque directions for the supine forearm than prone.  
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The discomfort profiles are in agreement with both the maximum strength and 
endurance time data. The greater discomfort (SDS) values reflect the lower endurance 
of pronation torque when applied to repetitive intermittent exertions, as would be 
applied in real industrial tasks (Byström and Kilbom, 1990). Even though strength in 
both directions was similar for pronated forearm angles, discomfort increased with 
increasing prone angles.  
The standardisation routine employed helped to reduce the between-subjects 
variability in discomfort rating, thereby providing a better model of the within-
subjects effects of forearm angles on SDS as illustrated by the high R
2
 values in the 
discomfort equations. But, the high R
2
 values are boosted by the derivation of the 
regression models from mean discomfort values that strip away between subject 
differences and hence improve the fit of the equation.  One disadvantage of the 
standardisation routine is that the scores are adjusted relative to each subject’s 
individual minimum and maximum discomfort scores and therefore removed from the 
original VAS scale and anchors. However, the Borg CR-10 values overcome this 
problem. The study identified mean Borg scores ranging from 3.33 (Moderate 
discomfort) to 5.04 (Strong) over the various exertion combinations. It has been 
suggested that reduction in maximum strength occurs if a holding force is limited to 
15% MVC (Rohmert, 1973). A number of studies have examined MVC levels 
suitable for continuous repetitive tasks and have indicated that fatigue can develop for 
forces as low as 5-10% MVC. For example, Byström and Kilbom (1990) investigated 
physiological responses to intermittent contractions. The authors identified 
unacceptable reductions in blood flow and increased fatigue in forces as low as 10% 
MVC. Likewise, the discomfort levels recorded in this study are excessively high and 
indicative of a task that would result in injury if continued for long periods of time.  
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4.9 Industrial relevance 
Byström and Kilbom (1990) illustrate that intermittent isometric handgrips are 
common in industry and one likely cause of medical syndromes in the hand and 
forearm. The discomfort data from the intermittent torque exertions provides valuable 
psychophysical information indicating the physiological capacity of the forearm for 
repetitive tasks over time for forces as low as 20% MVC. This research complements 
previous work on discomfort profiles for the wrist by Snook et al. (1995) and Carey 
and Gallwey (2002 & 2005) among others. Such profiles can be used to develop 
injury prediction models and risk levels for evaluation techniques. These are based on 
a dose-response relationship between risk factors and psychophysical measures of 
stress on the body, collected in highly controlled laboratory conditions. These data 
only provide information on torque exertions at specific repetition and force levels. 
More discomfort data is needed for various types of upper limb forces and for a 
variety of levels of repetition rate and force. These would enable complete modelling 
of the psychophysical stress on the upper limb for various tasks in industry. Moreover, 
the data could be used in conjunction with human movement simulation in computer 
manikins to predict injury risk levels for tasks at the pre-production planning stage of 
task design when changes to the work place can be made easily and with little cost. 
The sum of the exertion time at 20% MVC was 0.83 minutes for each six-
minute duration i.e. five minutes treatment and one minute rest. According to 
Rohmert (1973) an isometric contraction of this duration requires a rest allowance of 
22% the exertion time.  In this experiment rest duration totalled 783% the exertion 
time for series of intermittent isometric contractions. In spite of the rest duration 
exceeding the Rohmert recommended allowance by a considerable factor it is 
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expected that subjects still experienced some cumulative fatigue during the 
experiment due to the duration of testing and the exertion of forces above 20% MVC 
in weaker deviated forearm positions. But, the treatments were controlled using Latin 
Square orders so increased cumulative fatigue from more difficult treatments are not 
expected to compromise the findings. 
 The six-second cycle time used in this study is representative of tasks in 
industry. Moore and Garg (1994) studied upper limb problems in a meat processing 
plant where the mean cycle time for the negative job category was 8.7 seconds and the 
operators’ exerted force for on average 33% of the task. McKenna and Gallwey 
(2002) reported an electronics assembly task with a cycle time of 6 seconds and 
exertions lasting 1.5 seconds that are similar to the treatments in this study. 
 
4.10 Remaining research needs 
The data of Kramer et al. (1994) indicated large gender differences for torques, with 
female torque strengths 53% and 58% those of males for supination and pronation 
torques respectively. It is important that the gender issue is not overlooked as it may 
help explain female predisposition to WMSDS. More data are needed on female 
torque strength and endurance so as to quantify the extent of such gender differences. 
This study only examined forearm torques at one elbow angle. There is a need 
to expand this approach to various elbow angles so as to review the strength and 
discomfort properties of forearm torques throughout the reach envelope. A complete 
study should include electromyographic data on the prime torque exerting muscles 
thereby identifying the contribution of each muscle to force output with varying 
elbow angle. This could help to explain the strength, endurance and fatigue properties 
of the muscles for torque exertions. The need for such information is further 
supported by the knowledge that the majority of forearm torque muscles cross the 
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elbow joint and therefore their MAs also change with elbow angles.  Such information 
could have been used for example by Ulin et al. (1993) to explain the differences in 
discomfort observed for their simulated study of screw driving at various reach 
distances.  
The procedure required subjects to exert forces for a one-second duration each 
cycle as prompted by the software but the overall duration from start of exertion to 
complete relaxation is slightly longer due to the ramp up and down phases which were 
outside the one second interval. Measurements were not recorded on the exertion 
profile but this should be considered in future studies to determine the overall 
exertion-rest pattern for the treatments. 
Dimberg (1987) indicated a strong relationship between lateral epicondylitis 
and over-exertion of the forearm extensor muscles. Ljung et al. (1999) report that 
while the aetiology of lateral epicondylitis is poorly understood, there is general 
agreement that the extensor carpi radialis brevis (ECRB) muscle and origin are 
involved. Hägg and Milerad (1997) examined forearm muscle load during simulated 
gripping work and found more pronounced fatigue on the extensor side of the forearm 
in spite of the fact that the flexor digitorum superficialis is the prime mover. This 
suggests that combined twisting and gripping may accentuate forearm muscle activity 
and loads for tasks. A detailed electro-myographic study of upper limb muscular 
activity during forearm torques would also help determine the strain on the wrist 
extensors. 
Each treatment in this study was tested for only five minutes, but other 
researchers have collected psychophysical data over longer periods. Snook et al. 
(1995) recorded discomfort data for repetitive wrist flexion and extension exertions 
for seven hours per day per treatment. It is necessary to test treatments similar to those 
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in this study for longer periods of time that are typical of the duration of industrial 
tasks so as to clarify the applicability of results recorded from experiments of short 
duration, such as in this study. 
 
5. Conclusions 
This study found that maximum forearm pronation and supination torque was 
significantly affected by forearm angle (p<0.001) and the direction (p<0.05) of 
exertion (clockwise or counter clockwise). A two-way interaction between forearm 
angle and torque direction was identified that demonstrated a decrease in torque 
strength over the range 75% prone to 75% supine of 30% and 8% respectively for 
supination and pronation torque strengths. Forearm discomfort for intermittent torques 
at 20% of MVC, was significantly higher for the pronation torques than supination 
(p<0.001) and for both pronation and supination torques discomfort was significantly 
affected by Forearm Angle (p<0.001). The results provide important strength and 
discomfort models for the design of tasks involving static or repetitive forearm 
twisting. There is a need for a more complete study of forearm torques including 
variations in elbow angles. Such study should include the collection of 
electromyographic data on the prime torque musculature. 
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 SS df MS F Sig. 
Forearm Angle 284.06 4 71.01 8.1 p<0.001 
(Error) 736.09 84 8.7   
Direction 144.66 1 144.66 4.8 p<0.05 
(Error) 621.94 21 29.61   
Forearm Angle*Direction 127.65 4 31.91 2.8 p<0.05 
(Error) 955.73 84 11.378   
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 75% Prone 30% Prone Neutral 30% Supine 75% Supine  Endurance (sec)* 
Supination (Nm) 15.3 (6.4) 14.9 (4.3) 14.8 (3.8) 12.7 (4.5) 10.7 (4.3)  60.2 (28) 
Pronation (Nm) 11.8 (5) 11.6 (4.4)  12.6 (4.2) 11.7 (4.2) 11.4 (3.7)  47.7 (24) 
* Endurance times recorded for neutral forearm angles  
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  SS df MS F stat sig 
Factor Direction 157.9 1 157.9 12.9 p<0.001 
 % Range Of Motion (ROM) 114.3 10 11.4 1.9 p<0.05 
 Direction * % ROM 71.2 10 7.1 1.2 0.28 
       
Covariate Direction * Pronation Endurance 29.3 1 29.3 2.4 0.14 
 % ROM * Pronation Endurance 60.3 10 6.0 1.0 0.43 
 Direction * % ROM * Pronation 61.4 10 6.1 1.1 0.40 
 Endurance      
       
Error terms    Error (Direction) 245.0 20 12.2   
    Error (% ROM) 1185.
8 
200 5.9   
    Error (Direction*% ROM) 1165.
9 
200 5.8   
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  Pronation Range Of Motion Neutral Supination Range Of Motion 
  75%  60%  45%  30%  15%   15%  30%  45%  60%  75%  
SDS Pronation 6.50 6.86 5.55 5.36 5.30 5.09 5.17 4.84 6.00 5.63 7.09 
 Supination 5.14 4.08 3.40 4.00 3.62 3.49 4.00 3.72 4.06 5.17 6.14 
             
Borg 
(CR-10) 
Pronation 4.28 4.65 4.21 4.05 4.12 3.82 4.09 4.15 5.04 4.50 4.68 
Supination 3.92 3.71 3.55 3.54 3.52 3.33 3.78 3.78 3.79 4.00 4.46 
 
 38 
Table Captions 
Table 1 ANOVA results for within subjects effects of Forearm angle and 
Direction on maximum torque strength  
 
Table 2 Mean torque strengths for forearm angle, and mean endurance times 
for 50% respective MVCs (SD values in brackets)  
 
Table 3 ANOVA results for effects of Forearm Angle and Direction on SDS 
values  
 
Table 4 Mean SDS and Borg (CR-10) ratings for forearm angle and torque 
directions 
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Posture Treatment 
 41 
Supination*
y = 14.934 - 0.0302A 
       - 0.0003A
2 
R
2
 = 0.84 p = 0.16
Pronation*
y = 12.143 - 0.0103A
R
2
 = 0.81  p< 0.05
8
9
10
11
12
13
14
15
16
-75 (P) - 30 (P) 0 (Neu) + 30 (S) + 75 (S)
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Supination*
y = 0.0004A
2
 + 0.0072A + 
        3.445
R
2
 = 0.85           p<0.001
Pronation*
y = 2.4E6A
3 
+0.0003A
2
 - 
         0.0091A + 5.082
R
2
 = 0.75          p<0.01
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
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7.5
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(P)
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(P)
- 45
(P)
- 30
(P)
- 15
(P)
0 
Neu
+ 15
(S)
+ 30
(S)
+ 45
(S)
+ 60
(S)
+ 75
(S)
% Forearm ROM
S
D
S
 (
0
-1
0
)
Pronation
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Figure Captions 
 
Figure 1 Image of experimental equipment including torque meter and data 
acquisition module 
 
Figure 2 Screen shot of LabVIEW interface for torque exercises 
 
Figure 3 Mean torque strength for both directions and forearm joint positions 
                * A= % forearm ROM, negative values prone, positive supine 
Figure 4 SDS profile for % forearm ROM and for both directions  
*A = % forearm ROM with prone values negative and supine positive 
 
 
